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5 BACKGROUND OF THE INVENTION 

This invention re.a.es generally .oapparamsfor treating the exhans, 
«of,ean-bum engines and, more particularly, to apparatus 

10 catalytically reduce nitrogen oxides, 
frniednns components 

L ea»-bun, engines, such as diese! engines, emit various gases mcluding 
■H , fNOx> gaseous hydrocarbons (HQ, carbon monoxide (CO), and sulfur 

This PM is composed of dry carbon sooft m 8 

and liquids (such as condensed hydrocarbons). The react with the moisture 

in the exhaust to fonn sulfuric acid, H 2 S0 4 . ine nq 
fed and lubricating oils called the solnble organic fraction (SOF). 

Treatment needs 

Remissions are mare complex man those from gasoline engines, and 

sr. r=~c=:~~ 
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remained problematic to the dtese. engtne industry. Therefore, these engmes continue 
to requue exhaust aftertreatment to meet these tougher emissions standards. 

Cunrent Trpatmpnt 

Current oxidation catalysts used to reduce HC, CO and the soluble 
organic fraction of PM are typically washcoa.-deposited on the chatmel walls of a 
cordtente- or another ceramic-based substiate. These catalysts are usually platinum- or 
palladtum-based, and can be supported by alumina, zirconia, and vanadia with various 
promoter oxides such as rare earths. Current catalyst techno.ogy can reduce the soluble 
orgamc fraction of the PM as well as CO and HC, bu, cannot reduce NOx. Traditional 
automotive three-way catalysts cannot reduce NOx in excess air, such as is present in a 
lean-bum environment. A system solution is one way ,o achieve this simultaneous 
reduction of HC, CO, PM, and NOx. 

The oxidation of HC and CO over a catalys, in a lean-burn environment 
has no, traditionally been difficult, provided the exhaust gases and catalyst are above 
the so-called "light-off temperature. Oxidation catalysts are typically composed of 
platinum or palladium impregnated on a washcoa, mat is applied to a catalyst substrate 
For NOx reduction, a catalys, mat could decompose NOx to N 2 and 0 2 would provide 
the .deal solution; however, such a ca,aly S , has proven difficult to develop 
Altemanvely, a large number of catalys, formulations have been shown ,o promote 
NOx reduction in the presence of HC. Using these formations, the NOx acts as an 
oxnhzer to convert HC to carbon dioxide and water. In practice, me HC reducing agen, 
comes ether from unbumed fuel leaving the engine cylinder, or from post-combustion 
injecon of fuel mto the cylinder, exhaust manifold, or exhaust due, upstream of any 
exhaust aftertreattnen, apparatus. 
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^ Nation ca,aly SB are effective in oxidizing the SOF componen, of 
me PM, they are no, effective in oxidizing solid carbon. An alternative approach is ,o 
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, ^ filter mPFl However, DPFs have not 

been in widespread use, principally ^* reduced power and fuel 

eventually leading to high backpressure, ^^^^^^ 
economy. Further, excessive back-pressure from a Moeted fil 
; engin e. Anumber of approaches have heenprop^ 

regenerate die DPF. These include, but are not hnuted to, the 
fuel additives, and catalyzed DPFs. 

Tbere remains a need for an effective apparatus for reduction of all major 
* ^inh ic integrated and convenient, and 
0 VO^^^^^.^Z:^ andameansto 
regenerate the DPF. The present invention fulfills this 
advantages. 

15 stJMMASY^FjnJEJNVFJiriQN 

Tbe present invention resides in an mtegrated apparatus for effectively 

eu— ts. These environment ^~^£ZZ**>- 

positioned downstream of die turbocharger m die exhan 

raise the internal catalyst temperature. 

The apparatus makes use of a catalyzed diesel particulate filter (DPF), 
30 (D OC),m,egra,edtoged,erw,minanove,hea,exchangerdes,gn.Thehea,e X 
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is preferably in a spiral configuration, but can also be in other known configurations 
such as sheH-and-n.be, plate-and-frame, rotating bed , or f] ow . switching . 

The DPF provides catalytic treatment of HC, CO and PM The DPF 
captures PM from the stream, and is regenerated to prevent pressure drop from 
collected PM on me filter becoming excessive. The DPF is preferably a wall flow 
Peculate filter made of a ceramic material such as cormente, silicon carbide, muflite 
oranumberofomerhigJttempemmreporouseeramicsubstiates. Alternative 
configurations to me wall-flow filter geometry include small pore ceramicfoams 
sintered meta. meshes, and ceramic fiber yams. All provide large fixation areas with 
pore stzes small enough to provide a filtering function. 

The DPF material also can be coated or impregnated with a catalytic 
matenal to lower the necessary temperature for regeneration. Catalytic materials 
mclude precious metals such as platinum or palladium, or non-precious metal 
compounds such as ceramic oxides (e.g., Mn-O). 

The apparatus also can employ a LNC in the appropriate temperature 
ZnO 0f t^ ,eXChan8erf0rther "-f^ofmtroge„. TneLNCreacts 
the NOxwrthHC, that either is present in the entering stream, or alternatively is 
provded by a fuel injector, as discussed below. The LNC can be placed adjacent to the 
DPF, or elsewhere upstream of theDPF. Alternatively, the LNC can be deposited on 
the upstream surfaces of the DPF. The LNC preferably has a monolithic structure bu, 
*o can be comprised of ceramic ormetal foam. Suitable active metals include ' 
platinum, iron, tin, or copper Washcoa* can be other alumina- or zeohte-based 
Also, htgh-surface-area ammina can function as a LNC with the addition of precious or 
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The apparatus also can employ a DOC in the appropriate temperature 
regtons of the heat exchanger for oxidation of stream constituents. DOCs can use 
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alumina or zeolite washcoats. 

Theapparan.a.socanen.p.oyafUe, injector .oi.JectHCinto^es^ 

> This injected HC, when reacted over the LNC, DOC, or catalyzed 
at the inlet passage. This injected ^ ^ rf ^ pM 

npF can elevate the temperature at the DPr to improve 

DPF, eie . ™ nlnvs nressure temperature and engine speed 

forregeneranon.Theappara W sa.soemployspes^ ^ 

temperature. 

existing muffler or silencer for an engine. 

Omer features and advantages of the present invention should become 
, from the following detailed description of the invention, taken with the 

FIG 1 is an end view of an embodiment of an apparatus in accordance 

. h„m emissions with arrows indicating the direction 
with the invention for treatmg lean-bum emissions, witn 
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well as engine speed, pressure and temperature sensors used in optimizing operating 
performance. 



FIG. 2 is a flow diagram (hat shows the relative positions of the individual 
components within the apparatus of FIG. 1, and fluid stream flow through the 
apparatus. 

FIG. 3 is a graph depicting the temperature rise of a catalyzed diesel 
pan.culate filter and/or a diesel oxidation catalyst in an apparatus that lacks a hea, 
exchanger for hea, recovery, and an apparatus with a heat exchanger that is 66% 

effective. 



FIG. 4 is a graph of the temperature rise through the apparatus of FIG 1 
mdudrng hea, mpu, from reduction of NOx and oxidation of particulate matter and 
15 carbon monoxide. 

DETAII.FD PFSC RIPTION OF THF P B Prrp PE n RM R nn, m Krr, 
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With reference now to the illustrative drawings, and particularly to FIG 
I, mere ,s shown an apparatus 10 for tteating fluid streams, such as emissions from 
lean-bun, engines, for hydrocarbon (HC), particulate matter (PM), carbon monoxide 
(CO) and nitrogen oxides (NOx) in an integrated system. The appamtus can be 
posmoned downstream of a turbocharger m the exhaust due, of an engine or ofter 
emissions source. 



The outer surface of the apparatus fonns a heat exchanger shell 12 
Wtthrn the shell are two exchanger walls Hand 16 that form an mJet passage Iganda, 
outlet passage 20 for hea, exchange between tire entering and exitiug fluid stream The 
exchanger walls allow hea, ttansfer across .heir surfaces, and can receive normal lean- 
bum exhaus, flows wtthou, excess corroston. The exchanger walls fonn a spiral 



an 
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^ „ r _ an d nost-treatment streams in an 
• u exchanges between the pre- anaposi 

structure, in which heat excnang The exchanger walls are of 

thin gauge between 0.018 anau.utu , 

thin gauge, u Arrows shown in the passages in FIG. 1 

rotating bed, or flow swnchrng, also are poss.ble. 

At the dtstal ends of*. * passage 18 and outlet passage 20 are an inlet 
98 through which the fluid stream enters and exits. 



drop. 



, ^ i*t P filter CDPF") 22 is located in a region at the 
A catalyzed diesel particulate filter <L>rr ; ^ 

„ o0 n i™ the DPF the fluid stream 
int erfaeeof«hein.e t passa g e»8a„do«fle,passa g e20. IntheD , 

, , filter for PM caprure and a eatalyst to oxidrze PM, HC and CO. The DP 
contacts a titter tor rivi mjn stream 

u • ♦ of the inlet and outlet passages, so that the lima srredi 
extends across the interface ol me unci <u r npf The 

n nPF can employ platinum- or palladium-treated wan 

D , Hv the DPF is a platinum-coated catalyst on a cordiente wall no p 

provide filtering properties. 

A diesel oxidation catalyst (DOC) 36 is located adjacent to the DPF 22. 
The DOC is an oxrdatron catalyst composed of either prec.ous or — °" 

30 r—.^eoatsatrad.tiona.catalys,— . The DOC preferably has a 
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monolithic structure, but also can be comprised of ceramic or metal foam. Suitable 
oxrdation catalyst materials include platinum, palladium, or any of a family of non- 
precious metal-based ceramic oxides, such as Mn-O. If the DPF contains sufficient 
catalyst to perform necessary oxidation, the DOC can be eliminated. 

A lean-NOx catalyst (LNC) 24 is located upstream of the DPF 22 and 
DOC 36. The LNC alternatively can be located further upstream, in the inlet passage 
18, depending on the preferred operating temperature of the LNC selected. The LNC 
uses HC as an agent for reducing NOx via the following global reaction: 

HC + 0 2 + NOx -» H 2 0 + C0 2 + N 2 

The LNC must be placed such that sufficient HC is available in the stream for the lean- 
NOx reaction. This may require that the LNC be placed upstream of a DPF and/or 
DOC. The LNC preferably is based on alumina and configured to operate between 
200"C and 600°C, and therefore is placed accordingly in the correct temperature 
wmdow of the inle, passage. The LNC alternatively can be based on one of many other 
formulations known and used in the art. LNC formulations can include, but are not 
Hm«ed to, zeolite and alumina (A1 2 0 3 ) base containing any of a number of transition 
state metals, such as A1 2 0 3 , Sn/ Y -Al 2 0 3 , Co-ZSM-5, Cu-Zr0 2 , Co/Al 2 0 3 , Cu-ZSM-5 
and Ga-ZSM-5. Use of alumina in and of itself can act as a catalyst for the reduction of 
NOx. The appropriate operating temperature range of the LNC is strongly dependent 
on ,ts composition, from about 200°C up to about 600»C. For example, P.-A1 2 0 is 
most active in the range of 175- C -400°C, while Cu-ZSM-5 is most active in the range 
oT375'-C-AS0'C, and y-Al 2 0 3 is most active in the range of 450°C-600°C. 



The LNC 24 preferably has a monolithic structure. However pellets of 
Afferent shapes, ceramic foams, and metal foams are other possible structures for the 
LNC. The LNC can use either a ceramic or metal monolithic substrate with cell 
30 dens.ty and wall tmckness optimtzed to achieve the highest destruction rates and the 
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r rion Roth metal and ceramic substrates are 

passage. 

„ 1NC 24 totoembodiment.theapparawsioservesasap^ulatefiueror 
wrth no LNC 24. to this em ^ ^ teinperature 

tt ap. Theadvanugeof^en.botoent.sjheab * ^ ^ 

temperatures required by the LNC. Ihisiugn 
conversion rates across me DPF and DOC. 

„ DPF2 2 Thisembodunentretainstheadvantageofbemgabletoplacefte 
n ° DPF 22 ' ^ . ,„„ because of their similar operating temperatures. 

D0CWd 7llZ^Z ^^eTIenthenmdsneamtobe.eatedeontatosa 
This embodiment can be ettecnvciy 
low level ofPM. 

T.eprefenedenrbodinrentofuretovennona.sotoc.udesafne.mjector 
f Tg oprovideaddtuonalheatenergytomefluidstrearnentermgthe 
32, shown tn FIG. l.toprovrde . eact j on with NOx from the fluid stream at 

DPF 22, as wefl as supp.ementary HC as a re ducng agent 

—NCiscompara ^^^^^^ 
operating temperature. If the stream an ^ ft fe 

cycied for safety and re.iab.hty usmg a puHe ™d* ^ 
mj ec«or is used to maintain the operatmg temperature 
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In this embodiment, the apparatus 10 also contains varions pressnre 
5 engme speed (if the stream i s an en gul e exhaust) and t e mperatur e sensors to e^L the 

HC section .snotreipaired for tne served, the apparatus operat s (, e' ^ 

P-nttuu.eexuausts^forLHc,,^ Additionally, an electrical 

— NO x retires tne presence of add,tio„a, hydrocaln ml ,0 
e-ss HCnus, be added to acmeve maximum NOx reduction. Byp^^ " 
oxidauon catalyst or a ca.a,y Z ed DPF 22 downstrcam of fc LNC 
oxidized, eliminating entission of HC and CO, and producing heat ^Tus he t „ 
temperature of the DPF facilitating ucm S Be «- This heat raises the 

Its h ■ u , 6 re8enerat,0D * ^d^ng the carbonaceous PM 

« in die filter. Tne heat generated h y the exothermm oxidation of HC CO 1 
PM ,s recycled hy the heat exchanger _ ^ 

:z:r::r em -^^^^^zzzl 

the LNC and the regeneration of the DPF by increasing the temperatures of these 
components and the exhaust gases flowing over them. 

Fmally, the active mel injection and control system allows further 
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^portant function of the foe. injectron system .s *e a J ^ ^ 

oxygenin the exhaust is consumed f ^ J eLNCandDPF . 
partially reverse sulfur po.sonmg of the catalysts 

„ M 5 based LNC 24 and a catalyzed DPF 22 
As Table 1 inchoates, a ZSM-5 based ^ ^ 

^both operate ^^^^^'T^oO.HC.NOx.-dFM 
re duchon. Theprefertedse,ecrtonof*eLNCan For a ^ light 

^ srze and duty cycle, and upon the sulf. ~™ ^ ^ , 

Pt-impregnated cordierite DPF. For heavy duty ^ ^ LNC (i.e., with no precious 
^rrrZelSandoudetpassase.^^itea.toheepan 
rfte catalysts operating at their optimum temperatures. 
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Without catalyst: 550°C - 600*C 
With catalyst: 375°C-450°C 

WithftieUddition^^^ 



F1G2 isaflow diagram iUustrating operation of the apparatus .to treat 
FIG. 2 is a flow a gr , nnce ^ catalyst has warmed up to its 

30 the fuel injector 32 into the exhaust stream. The PP 
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The amount of energy required to elevate the exhanct t PP^mentaJ HC. 

operating temperature Thiol • uru »g tne DPF 22 to its proper 



^rrc:"*"-' — — - .—1". 

DPF to be rP o P n^ t ^ A ^ mperature, thereby causmg PM to be oxidized and the 



DPF t n k« * "* U! >™g fM to be oxidized and 

t0 be "generated. After passing through the DPF , 

Plugging fron, beccning excessive the DPF T ^ ^ *" * 0 

Because ritr , 
CO450 C forlgmtlon , additionaIheat ^ ^ 
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w or electricity from the hearing element 30 to bring 
to DPF up to the appropriate temperature ^ 

-ss-OP^oaucmgapressure ^ ^ ^ fad mjector 32 to pro^e 
P-^e axopbecomes excess. temperatore of me PM. Once 

Section. AlscatemperaturesensorSSm -e P sbelow4e 

oprimum operating temperature of the DPr, 

po.de increased HCto elevate me temperature near meDPF. 

. », different load points to facilitate performance 
Engmes are tested at « js ^ ^ ^ 500 ft-lbs of torque. 

becauselessexhaustgasneedstobeheat 

- -r^r:^- - 

— 

between the inlet and outlet passage. 
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A higher system temperature leads ,o energy efficient, well-controlled 
mr K . However.temperanrresaretoo.owati^etoheginregererr 

andheatreieaseddnrmgregenemnonismsuffieienttosnstammertionT 1 

^passage, me fl „i d stream is heated by therma, exchanged aJZT 



(«=l.(A WiTw J. 
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If nsed to treat engine exhaust streams, the apparatus 10 is confio, „ 

25 :r 0 ;3r" ,re ^ a6 - ,,terto3 ^^ to — 



30 
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We claim: 



o fluid stream, comprising: 

,. , herein the diesel particulate fitter is a 
2 . The apparatus of clam Inherent 
ceramic wall-flo* particulate fitter- 

u „ the diesel particulate filter 

a tr„ m the PTOUP consisting ot cei<u 
comprisesamatenalseleo.edfromthegr 

foam, and ceramic fiberyarn. 

, • , wherein the d.esel particulate filter 
4 . The apparatus of claun 1, wherem 

comprises a catalyst. 

5 . The apparatus of claun ic oxide . 

^ctedfiommesroupofp— pal— andceram 

flml andfurthercompnsmgalean- N Ox catalyst 
6 T^r^fitter.-erem.e^cata.ystis 

MS of clattn6, wherein the lear.-NOxcaU.yst is located 
7 The apparatus ot claim , 
mediately ad.acent to me diese, particulate fitter. 
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TheapparatuS0 ^i^ 7, wherein- 

^^.T-* « 



tar; 

l-mcuhtefito facing AeinletpaBsige 



catalyst has a 



foam, and me ,al f oam . gr ° Up COnsislin S of precious metal, ceramic 

~~ wherein fc diesel oxi(Ja ^ ^ — 
71,6 ~ S ' 0. dlesel „, daaon ^ 

14 77,6 a PParatus of claim 1 and *„* 
Seated and configured to inject hydroc J' 3 **** 

hydrocarbons mto the inJet passage. 

15 - ^ a PParatus of claim 14 and fil ^ 
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maintain the temperature at a P 
SHeratotbe.o.aspecified.evel. 

i.- v. the fuel injector injects ny 
rate at which the fue .. B a distance heater 

, , „1 and further compnsmg a resist 
, 9 The apparatus of chum 1, and 
Jvltthe fluid stream in the tnlet passage, 
configured to heat u> < Dace d-apart 
ofe.aimUwhereinu.efnsta.dsecondspace 

20 The apparatus of claun 
W allshave a spna! configuration. 
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• "-a, o.dadon ° PaSS38e '° *« **• Parage; and 

2Z Thea PParatus of claim ?j v 
comprises metal. 21 ' Where - the diesel oxidation catalyst 

23 - The apparatus of claim 21 , i, • 
-pnses ce ramic foam „ ^ ^ *e diesei oration ca.aiys, 

24 - The apparatus of claim 21 «». - 

^ The apparatus of 0^24,^. 

Diesel oration ca.aly s , hasasur , , . 

wne rein d,e ,ea, NOx c 4 ^ ; *ein,e, passage; and 

26 - The apparatus of claim ?i t, • 
™nohth IC structure. ^ 2 J ' Whereui WNQ* catalyst has a 

27 The apparatus of claim ?i u • 
-Pnsed of a m a t e naI sdee.ed from 2^ "* ^ » 

*™. and melaJ foan] m "* «™HP ™nsisnng of precious metalj ^ 
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.ndicativeofthe temperature at a pr 

oxl dat,on catalyst and signal , fo r control the rate 

f , to 29 wherein the controller is selected to 

maI ntam the temperature at a pr 
catalyst at or below a specified level. 

d.ef.uidsheamisu.e exhaust frorn^ ^ toprodu cean 
^engine comprises attend speed s»so 

32 ^app^so.clahm.l.aud^ercompnsmsaresista.ce 
heatncon J e d,oheat,e flU ,dsheamm,e U detpassa g e. 

f , m2 , wherein me first and second spaced- 
33. The apparatus of chum 21, wne 

apart .wallshave a sptral configuration. 



5 

rate 
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wheretn tbe diese, partculate * ™ '° * — passage , 

- oxidi. carbon ntonoxide ^ h ^ QC ~ C — — - is conned 

flnidstrean,; 

5 passa g e; "^^^-^fc^*^^^ 

a tem Perature sensor conWerf t„ ^ 
Particulate fi lter; P^detem^ed posltion adjaceM fo ^ ^ 

passage; "Hector injects hydrocarbons into the inlet 

wherein the controller is selected ,„ 
*e diese. paniculate filter a, or below a , """"^ *<* 

'-el; and "* ""^ panicuia 'e filter a, or be.ow a specified 

---heatercon, gU red, oheatfteflu , strearaMfteujetpassage 
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^ n f Maim 34, wherein: 
35 The apparatus of claims, 

• a. P vhaust from an engine, 

o fl„id stream, comprising, 
p^eatin^eflu.d^bvhea.exo^geusmg 

s«am; and hyd rocarbons, and collecting and 

fluid stream. 

. ftxidiz ing carbon monoxide and 
, , • 36 wherein oxidizing carbon monoxide and 

catalyst. 

, f ,dm36 aBdfnrtheroompnsingredncmgnirrogen 

39 The method of clajm 36, ana 
oxidespresenrmme preheated fluid stream. 

40 ^ememodo.claimS^heremredncingni.ogenoxidespresen,. 

^e P rehea,:U— ^ — 

41 Th ememodo f c, i nm36,and TO rmercompns U tght J ectmg 

hyd rocarbonm,o me preheated fluid stream. 
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P-ea.eC fluid * *** Carbon into the 

43 - The method of claim 41 • • • 

preheated fluid strean, comprises: " "O"*"* hydrocarbon into the 

44 • The method of claim ^i i_ 
"ensuring the speed of the engine- and 

45 - The method of claim 36 ^f,^ 
^eam. P Preheatm 8 us ™8 *e exiting fre a t e d fluid 



plat rr for processu,g a fluid 

preheating the fluid stream by heat evrh • 
"ream; and " y exchan S<= ««W an exiting treated fluid 
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, . ov ;a; z inR carbon monoxide and 

• in the preheated fluid stream is performed using 
hydrocarbons present in the prenea 

catalyst. 

49 . ^ m e«hcaofo,a i »46, a n d f^e r co n .p ri s» g inieotmg 
hydroc-bon into the preheated fluid stream. 

preheated fluid stream eomprises: fluid s)ieajn . md 

5 flu idsheambasedu P o„memeasured,emperature. 

- *u cheated fluid stream is the 
5 , The method of claim 49, wherem the preheated 
exhaustfromax.engme.andfurthereomprismg: 

5 flui 4 s treamha S edupo„*emeasureden g inespeed. 
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